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Abstract

In today's advanced world, especially in the fields of mechanical engineering and
aerospace industries, composites have gained a prominent position due to their unique
feature of high strength along with low weight. However, the complex behavior of these
materials requires accurate analysis and advanced tools for modeling and predicting
their structural damage. The present study, by combining meso-macro multiscale
models and continuum damage mechanics concepts, presents a new approach for
analyzing and evaluating damage in composite structures. This study uses a quasi-
simultaneous multiscale modeling framework that enables comprehensive analysis of
matrix cracking and fiber failure using advanced finite element simulation methods
and image processing tools. In addition, a subroutine based on continuum failure
mechanics concepts can be developed in finite element software that is capable of
analyzing the damage evolution, including crack progression, fiber failure, and
ultimate failure load prediction of composite structures in a progressive manner. On
the other hand, the application of artificial intelligence methods, especially in image
processing, has reduced computational time and costs and significantly increased the
accuracy of mechanical analyses. These intelligent multiscale approaches play a key
role in optimizing design and accurately predicting failure mechanisms. These methods
are effective tools for improving the performance and reliability of composite
structures, especially in complex and sensitive aerospace applications.
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1- Introduction

A composite is a structural material that consists of
a combination of two or more materials. The
properties and performance of composites are
strongly  dependent on their  constituent
components. In general, a composite contains at
least one discontinuous component (phase), called
the reinforcement, surrounded by a continuous

matrix. Fiberglass, concrete, and wood are

examples of composites [1]. Composites have
properties such as high strength, desirable stiffness,
lightness, and a suitable strength-to-weight ratio.
Composites are composed of two main parts: the
matrix and the reinforcing material. The matrix acts
as a glue that holds everything together, holds the
reinforcing material in place, and transfers loads
between them. On the other hand, the reinforcing
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material gives the composites high strength and
stiffness [2]. Fibers in composites can be used in
one-dimensional (unidirectional), two-dimensional
(planar), or three-dimensional [3].

Recently, the application of composites has
increased dramatically due to their outstanding
properties, such as high specific strength and
stiffness [4]. However, these materials suffer from
complex damage mechanisms, including matrix
cracking, interlaminar delamination, fiber breakage,
fiber bending, and the interaction of these damage
modes under different loading conditions [5].

Matrix cracking and interlayer delamination are the
most important types of damage in composite layers
under mechanical loading. These damage modes
rapidly degrade the mechanical properties of
composite layers. Furthermore, they may cause
stress redistribution in the layers and ultimately lead
to catastrophic failure of the structure, even when
the applied load is less than the strength predicted
by classical multilayer theory [6].

A review of the literature shows that considerable
research has been conducted on intralaminar
failures or interlaminar damage modes in composite
layers [7]. Among the models developed to analyze
the progressive failure of composite layers, models
based on continuum failure mechanics have been
recognized as the most accurate models for
predicting the fracture toughness of composites [8].

Mohammadi et al. [9] studied the gradual damage
response of symmetric multilayer composites under
uniform in-plane loading using the 3D continuum
failure mechanics theory and the layer-wise method.
In another study, Chen et al. [10] presented a
combined elastoplastic-damage model to estimate
the fracture strengths of composite layers.

Accordingly, the aim of this study is to review the
previous work of the authors in which the initiation
and growth of the background crack is no longer
considered with strain energy tools and crack failure
parameters, and also to develop a finite element
model for the analysis of the gradual failure of
composite multilayers that investigates the effects
of interlayer damage with artificial intelligence

tools. In this study, different methods of predicting
background cracks at the microscopic scale and the
challenges associated with each of them are first
reviewed. These challenges include the accuracy of
the models, the need for experimental data, and the
computational complexity, which may lead to
limitations in accurate simulations. Then, the use of
artificial intelligence-based methods is discussed,
which can simulate complex and nonlinear patterns
and help improve accuracy and efficiency in
complex analyses. In the following, the
implementation method of a quasi-simultaneous
multi-scale model for simulating the crack
mechanism of the substrate is described (Figure 1
and Figure 2). This section thoroughly examines the
process of crack initiation and growth and explains
how this process can be applied in simulation
models to predict the behavior of composites under
different loadings and environmental conditions
using artificial intelligence tools.
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Figure 1: A composite multilayer under general in-plane loading
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Figure 2: possible damage modes in each individual layer
2- Research methods

As shown in Figure 1, in a unit cell under general
in-plane loading conditions, which is extracted in
the local coordinate system of the middle layer, each
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individual layer may suffer damage related to the
loading direction.

Considering these issues, the damaged unit cell
(Figure 3) can be replaced by a homogenized,
undamaged unit cell (Figure 4) that has equivalent
reduced material properties for each individual
component. It should be noted that interlayer
delamination is not considered in this study.
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Figure 3: Damaged feature element
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Figure 4: Homogenized feature element
3- Results

In order to investigate the crack growth of the
matrix, multilayer or single-layer modeling of
composites can be used in Abaqus software. The
microstructure of fiber-reinforced composites under
mechanical loading is investigated using finite
element analysis. The results of this finite element
analysis are considered as the true reference
solution in this study. A plane strain analysis under
displacement boundary conditions is performed in
Abaqus software to obtain the stress tensor, i.e., the
distributions of oxx, oyy and oxy in the
microstructure. In this analysis, viscous element and
extended finite element can be used to investigate
the crack initiation and growth. The constituent
materials in the composites (fibers and matrix) are
assumed to be linear or nonlinear and elastic or
inelastic. The connection between the fibers and the
matrix can be assumed to be completely continuous.
The microstructure is subjected to discrete

displacement boundary conditions corresponding to
tensile and shear loading, and a set of stress tensor
fields is obtained from this simulation in the Abaqus
software. Therefore, the finite element analyses
provide a set of stress images along with the matrix.

A set of 2D or 3D microstructure images of fiber-
reinforced composites is generated by randomly
varying the spatial location of the fibers in the
matrix. Random algorithms are used to randomly
position the fibers. The fibers can be modeled as a
circle of constant radius with a constant fiber
volume fraction.

The set of random microstructures and stress tensor
field maps obtained from the finite element analyses
are used as labeled training data for the machine
learning model. Data augmentation increases the
robustness of the deep learning model, especially in
mechanical problems where there is usually limited
training data. Common data augmentation
techniques in the field of image segmentation
include image rotation and inversion. Therefore, a
modified data augmentation method that is
consistent with the physical laws of the problem is
employed.

Finally, a model is trained to map the microstructure
to stress tensor field maps, so that after full training,
there is no need to use a physics-based problem-
solving method. A single model is trained from the
beginning to predict the six components of the two-
dimensional stress tensor fields from tensile and
shear tests with the occurrence (or non-occurrence)
of crack growth (or non-growth).

4- Conclusion

This study presents an innovative approach in the
field of multiscale mechanical modeling, which can
be used to investigate the nonlinear behavior of
composite artificial
intelligence-based continuum damage mechanics

multilayers  using an

model. In this method, the effects of matrix cracking
and fiber failure on the stiffness of each layer are
considered independently, using a micromechanical
model based on image processing and machine
learning.
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The new approach based on artificial intelligence
technologies is capable of simulating the
mechanical behavior of composite multilayers by
considering the failure mechanism of matrix
cracking and fiber failure. The proposed model is
trained using data generated from finite element
simulation and is capable of accurately
reconstructing stress fields under different loading
conditions. In addition to increasing the speed of
multiscale analysis of composites with failure
mechanisms, the introduced framework has high
flexibility to adapt to a variety of materials and
failure mechanisms at smaller scales. The model is
designed to be integrated with other machine
learning models trained to predict the mechanical
behavior of materials at different scales.

The salient features of this model include increased
efficiency in analyzing failure mechanisms,
predicting the growth of fiber separation from the
matrix, and providing solutions for homogenizing
and localizing material behavior with high accuracy
and reducing computational requirements. The
method is flexible and can be used under various
loading conditions and different structures,
especially when limited mechanical data are
available. The development perspective of this
method includes investigating more complex
mechanical behaviors such as the interaction
between different failure mechanisms and their
more accurate simulation, which will require more
advanced computational power. This machine
learning-based approach allows for the expansion of
multiscale analysis and structural optimization and
can be applied in various fields of mechanical
science and engineering.
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